The energy levels of CH 3 Cl + X 2 E showing strong spin-vibronic coupling effect (Jahn-Teller effect) have been measured up to 3500 cm −1 above the ground vibrational state using one-photon zero-kinetic energy photoelectron and mass-analyzed threshold ionization spectroscopic method. Theoretical calculations have been also performed to calculate the spin-vibronic energy levels using a diabatic model and ab initio adiabatic potential energy surfaces (PESs). In the theoretical calculations the diabatic potential energy surfaces are expanded by the Taylor expansions up to the fourth-order including the multimode vibronic interactions. The calculated spin-orbit energy splitting (224.6 cm −1 ) for the ground vibrational state is in good agreement with the experimental data (219 ± 3 cm −1 ), which indicates that the Jahn-Teller and the spin-orbit coupling have been properly described in the theoretical model near the zero-point energy level. Based on the assignments predicted by the theoretical calculations, the experimentally measured energy levels were fitted to those from the diabatic model by optimizing the main spectroscopic parameters. The PESs from the ab initio calculations at the level of CASPT2/vq(t)z were thus compared with those calculated from the experimentally determined spectroscopic parameters. The theoretical diagonal elements in the diabatic potential matrix are in good agreement with those determined using the experimental data, however, the theoretical off-diagonal elements appreciably deviate from those determined using the experimental data for geometric points far away from the conical intersections. It is also concluded that the JT effect in CH 3 Cl + mainly arises from the linear coupling and the mode coupling between the CH 3 deform (υ 5 ) and CH 3 rock (υ 6 ) vibrations. The mode couplings between the symmetric C-Cl stretching vibration υ 3 with υ 5 and υ 6 are also important to understand the spin-vibronic structure of the molecule.
I. INTRODUCTION
In the Born-Oppenheimer approximation, the nuclear motion of a molecule is governed by an adiabatic potential energy surface (PES). However, this picture breaks down in many cases both in dynamics and spectroscopy. The JahnTeller (JT) effect is such an example in spectroscopy and has attracted great attention because it can be thoroughly studied by employing the present state-of-art theoretical and experimental tools. Recently, the JT effects in CX 3 Y(X = H,F,Y = O,S) have been paid great attention. 3-7, 10-12, 14-17 The experimental measurements have been performed with various techniques. 3, [15] [16] [17] Several groups have calculated their vibronic energy levels based on the diabatic models and compared the theoretical calculations with the reported experimental data. 4-7, 9-11, 14 The methyl halide cations (CH 3 X + , X = F, Cl, Br, and I) that have similar electronic structures to CH 3 O and CH 3 S are also prototypical molecules to study the Jahn-Teller effect. Several photoelectron spectra studies for these molecules have been performed since 1970. [18] [19] [20] [22] [23] [24] [25] [26] For CH 3 CH 3 Br + , the spin-orbit (SO) interaction is so large that the Jahn-Teller coupling effect could be neglected in understanding their vibronic structure. In contrast to CH 3 I + and CH 3 Br + , the Jahn-Teller effect in CH 3 F + dominates its electronic structure and the spin-orbit interaction can be neglected. For CH 3 Cl + , the Jahn-Teller effect is comparable to the spinorbit interaction strength, which results in partial quench of the spin-orbit coupling strength and the splittings of the degenerate vibrational energy levels. Therefore, complicated spin-vibronic energy structure appears in the phtotoelectron spectra of CH 3 Cl. [18] [19] [20] 26 In 1977, Karlsson et al. reported a high-resolution photoelectron spectroscopic study of CH 3 Cl. 19, 20 They obtained a partially resolved vibrational spectrum with a resolution about 100 cm −1 . From their partially assigned spectrum, they determined the spin-orbit energy splitting and the fundamental vibrational frequencies for the symmetric C-Cl stretching (υ 3 ), asymmetric CH 3 umbrella (υ 5 ), and CH 3 rock (υ 6 ) vibrations. To assign the spectra they employed a single mode model in which the first-order Jahn-Teller coupling and the spinobit coupling interaction were taken into the consideration. Based on the model, they determined the first-order JahnTeller parameters and the spin-orbit coupling constants.
In 2001, Locht et al. have done the threshold photoelectron spectroscopic study on CH 3 Cl. 27 The resolution of the spectra was similar to that of Karlsson et al. 19 The vibrational structures of the Rydberg states of CH 3 Cl have been also studied using vacuum ultraviolet (VUV) absorption method. 28, 29 Because the vibrational structure of the ionic core for the high Rydberg molecule approaches the cation, this kind of researches should be helpful to understand the electronic structure of CH 3 Cl + . The IR absorption spectra of CH 3 Cl + isolated on the solid neon have been measured, which recorded four vibrational bands. 21 The zero-kinetic energy photoelectron (ZEKE) spectroscopic method in combination with VUV laser is a general method to record the spectra of cations. 26, [30] [31] [32] Very recently, Grütter and Merkt reported a fully vibrationally resolved and partially rotationally resolved ZEKE spectrum of CH 3 Cl up to 2400 cm −1 above the ground vibrational state of CH 3 Cl + . 26 They observed totally 12 spin-vibronic energy levels that were assigned based on a model similar to that of Karlsson et al. 19, 20 Because of the complicated spin-vibronic coupling in CH 3 Cl + , the assignment of energy levels and hence the understanding of its spin-vibronic structure is very difficult based on single mode and first-order vibronic coupling model with harmonic approximation, which is particularly true for energy levels higher than 1000 cm −1 where multimode JahnTeller interaction and vibrational anharmonicity appear. Furthermore, a model considering the above factors needs a number of correctly assigned vibronic energy levels to obtain the corresponding spectra parameters. Therefore, reliable theoretical calculations about the spin-vibronic energy levels and experimental measurements providing more energy levels are necessary for the assignment and understanding of the spinvibronic structure of CH 3 Cl + (X 2 E). As generally known, the isotopic shifts in vibrational spectra are very helpful in assigning a complicated spectrum. In the present case, if we could record the high-resolution photoelectron spectra for the two isotopologues: CH 3 35 Cl and CH 3 35 Cl, the vibrational modes related to C-Cl stretching (υ 3 ) could be identified unambiguously, which are active in the photoelectron spectra. The MATI (mass-analyzed threshold ionization) method can be used to record such high-resolution photoelectron spectra. 23, 31, 33 In this paper, we will report a combined experimental and theoretical study on the vibronic structure of CH 3 Cl + X 2 E . Experimentally we have measured a high-resolution ZEKE spectrum of CH 3 Cl and identified 39 vibronic bands, and also recorded MATI spectra of CH 3 35 Cl and CH 3 37 Cl that provide experimental evidences to assign the C-Cl stretching vibrational modes. Theoretically we performed an ab initio calculation based on the diabatic model developed mainly by Köppel, Domcke, and Cederbaum and extended by a number of other authors.
1, 4-7, 10-14 The potential energy surfaces of CH 3 Cl + X 2 E have been calculated at the CASPT2/vq(t)z level and expressed by the Taylor expansions with normal coordinates as variables. The spin-vibronic energy levels have been calculated by accounting all six vibrational modes, which is essential to assign the experimentally measured spectra.
Encouraging by the successful prediction of vibronic energy levels by the diabatic model, we also employed this model to fit the experimental data. We assumed the main parameters in the diabatic model as unknowns and determined them by fitting the experimentally measured vibronic energy levels. We have previously employed this method to obtain the spectroscopic parameters of BrCN + (X 2 ). 34 The determined parameters, hence the potential energy surfaces determined from these parameters, were compared with those from the theoretical calculations.
II. EXPERIMENTAL METHODS
The experimental apparatus for the ZEKE and MATI have been described previously. 32, 33 Here, we only provide brief descriptions for them.
A. ZEKE experiments
For ZEKE experiments, 32 the coherent VUV radiation was generated by using the resonance enhanced four-wave sum mixing in a pulsed Xe jet. An Nd:YAG (20 Hz repetition rate) pumped two dye laser system was used to prepare the fundamental frequency laser beams. One of the dye lasers with frequency doubling unit (ω 1 ) was fixed at the wavelength that the two photon (2ω 1 ) of it matches the resonance line 5p
. The other dye laser (ω 2 ) was tuned from 680 nm to 850 nm. To extend the tuning range of this dye laser, a Raman cell was used to redshift the wavelength further to 960 nm. The two fundamental beams were merged by a dichroic mirror and focused by an achromatic lens (250 mm) into the pulsed Xe jet.
The pulse voltages to ionize the molecules were from 0.25 to 3 V/cm with duration of 1 μs and a delay of 3 μs relative to the VUV laser pulse. The effects of the applied electric field in decreasing the threshold of ionization energies have been corrected for all reported spectra in the following discussions. The wavelength of the dye lasers was calibrated by He/Ne and He/Ar optogalvanic lamps.
The sample was a premixed gas of CH 3 Cl with Ar (10% CH 3 Cl + 90% Ar). In the experiments, the pressures for beam source and ionization chamber were around 2 × 10 −3 Pa and 2 × 10 −5 Pa, respectively.
B. MATI experiments
For MATI experiments, 33 the two-photon resonant 7 1 S 0 -6 1 S 0 transition in Hg was utilized for four-wave sum frequency mixing to produce the VUV light. The ultraviolet laser (ω 1 = 312.8 nm) was generated by frequency doubling of a dye laser (ND6000, Continuum, Santa Clara, CA) output pumped by the second harmonic of an Nd:YAG laser (10 Hz repetition rate, PL8000, Continuum, Santa Clara, CA). ω 2 at 330-372 nm was generated by frequency doubling of another dye laser (SCANMATE 2, Lambda Physik, Göettingen, Germany) pumped by the second harmonic of an Nd:YAG laser (10 Hz repetition rate, SL III-10, Continuum, Santa Clara, CA). ω 1 and ω 2 were spatially and temporally overlapped and focused at the center of the Hg cell with an
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The Jahn-Teller effect in CH 3 Cl + (X 2 E) J. Chem. Phys. 136, 064308 (2012) achromatic lens (f = 20 cm) to generate a VUV. The gaseous sample at ambient temperature was seeded in Ar at the stagnation pressure of 2 atm and expanded supersonically through a pulsed nozzle (diameter 500 μm, General Valve, Fairfield, NJ). The supersonic beam was then introduced to the ionization chamber through a skimmer (diameter 2 mm, Beam Dynamics, San Carlos, CA) and collinearly overlapped with the pulsed VUV radiation. Electric field of 300-350 V/cm was applied at some delay time (15-20 μs) after the VUV pulse to ionize the highly excited neutrals. Scrambling field was applied to lengthen the lifetime of the excited neutrals. Photoelectric current from a thin gold plate placed in the VUV beam path was used to calibrate the VUV intensity. A wavemeter (Wavelength Meter WS/5, HighFineness, Tübingen, Germany) with 0.1 cm −1 accuracy was used for wavelength calibration.
The sample was a premixed gas of CH 3 Cl with Ar (10% CH 3 Cl + 90% Ar). CH 3 Cl was purchased from Sigma Aldrich (St. Louis, MO) and used without further purification.
III. THEORETICAL CALCULATIONS

A. The diabatic model
The calculation for vibronic energy levels of CH 3 Cl + (X 2 E) involves three steps: (1) using the ab initio quantum chemistry method to calculate the two adiabatic potential energy surfaces for CH 3 Cl + (1 2 A ) and CH 3 Cl + (1 2 A ), respectively, and the spin-orbit coupling constant between the two surfaces; (2) calculating the parameters in the Taylor expansions of both diagonal and off-diagonal elements of the diabatic potential matrix based on the adiabatic PESs using the least squares fitting method; (3) using the variational method to solve the diabatic Hamiltonian matrix equation to obtain the spin-vibronic energy levels. The detailed descriptions for these procedures can be found in a number of recent papers. [4] [5] [6] [7] [10] [11] [12] [13] [14] Therefore, only a brief summary is given here.
The diabatic model Hamiltonian H dia of C 3v symmetry is written as
(1) where T N is the kinetic energy operator for the nuclear vibration, L z S z represents the spin-obit interaction between the two splitting states, and A so is the spin-orbit coupling constant. V d and V +, − (V −, + ) are the diagonal and off-diagonal matrix elements for diabatic potential energy surfaces, respectively, and they can be calculated using the adiabatic energies for electronic states A and A formed by distorting the C 3v symmetry molecule with degenerate electronic stateX 2 E,
where E(A ) and E(A ) represent the adiabatic energies for CH 3 Cl + (1 2 A ) and CH 3 Cl + (1 2 A ), respectively. |V +, − | represents the modulus for the complex number
For CH 3 Cl + , there are three nondegenerate vibrational modes, e.g., symmetric C-H stretching (υ 1 ), CH 3 umbrella (deform) (υ 2 ), and C-Cl stretching (υ 3 ) vibrations, and also three degenerate vibrational modes, e.g., asymmetric C-H stretching (υ 4 ), CH 3 deform (υ 5 ), and CH 3 rock (υ 6 ), respectively.
The diabatic potential energy matrix elements (V d and V +, − ) can be expressed by the Taylor series using normal coordinates Q i expressed by Cartesian coordinates. The Q i are determined by solving the Hessian matrix equation based on the diagonal part of the diabatic potential energy surface Eq. (2a), which has the minimum energy at the conical intersection. To represent the potential energy surfaces accurately, we have expanded the terms up to the fourth orders for diagonal elements and third orders for off-diagonal elements, [4] [5] [6] [7] 11 
where = +/− represents electronic state of A A symmetry, respectively. S = 1/2 represents the electron spin, and = ±1/2 represents the projection of spin on the symmetric axis of the molecule. |υ i represents the symmetric vibration of i'th mode, and |υ j , l j represents the degenerate vibration of j'th mode with vibrational angular quantum number l j .
B. Calculation for PES and vibronic parameters
The neutral CH 3 Cl has C 3v geometrical structure, and its molecular orbitals can be represented as 27, 28 (Core) (5a 1 ) 2 
where 7a 1 , 2e, and 8a 1 correspond to bonding σ (C-Cl), nonbonding n(Cl, 3px, 3py) and antibonding σ *(C-Cl) orbitals, respectively. The ground electronic state of the ion is formed by removing one electron out of the 2e orbital, and hence it has the symmetry ofX 2 E. However, when the asymmetric nuclear vibrations deform the cation to lower symmetry state, theX 2 E will split into two states with 1 2 A and 1 2 A symmetries,
To calculate the electronic energies at different geometric structures, we employed the complete active space secondorder perturbation method (CASPT2) with basis function ccpVTZ for H atom and cc-pVQZ for Cl and C atoms. The state average method was used to calculate the reference state functions. The full valence orbital spaces had been used as active space in the calculation; however, it was found that the calculated fundamental C-Cl stretching frequency is too small (600 cm −1 ) to account for the experimental data (637 cm −1 ). We found that the active space including the 2p orbitals of Cl atom provides a good description of the experimental data, which may indicate the core-valence electron correlation in the C-Cl bonding. The active orbitals used in the C s symmetry are 4a (Cl2p x ), 1a (Cl2p y ), 5a (Cl2p z ), 6a , 7a , 8a , 2a , 9a , 10a , 3a , and 11a that correspond to distribute 19 electrons into 11 orbitals, which can be represented by CAS (19, 11) . The calculated minimum energy structures for neutral CH 3 Cl(X 1 A ) and cation CH 3 Cl + in C 3v and C s symmetries are shown in Fig. 1 , respectively. The optimizations were performed using the MOLPRO software package. 35 Table I shows the corresponding calculated geometric parameters. Similar calculation have been published in the literatures. [27] [28] [29] From Fig. 1 and Table I , it is clear that almost all bond lengths and bond angles are changed upon ionization, and the main changes are in the bond angles of H-C-Cl. This is the reason that almost all the vibrational modes have been observed in the experimental spectra, and the relatively active excitations are vibrational modes relating to the changes of bond angle H-C-Cl, i.e., υ 5 and υ 6 . The minimum energy structure of CH 3 Cl + (X 2 E) in C 3v symmetry is used as the reference point in the calculation of diabatic PES.
It is noted that we utilized the mass-weighted Cartesian coordinates instead of the symmetric internal coordinates to express the normal coordinates. 13 The eigenvectors of the Hessian matrix were used to determine the TABLE I. The minimum energy geometrical structures of CH 3 Cl and CH 3 Cl + in C 3v and C s symmetry, respectively, calculated at the CASPT2/vq(t)z level. a ) and (3b) for the meaning of the parameters. The numbers with no parenthesis following are for both CH 3 35 Cl + and CH 3 37 Cl + . The numbers outside/inside the parentheses are for CH 3 35 Cl + /CH 3 37 Cl + , respectively. b By least squares fitting to the experimentally determined energy levels. Only the list parameters are optimized, and other parameter not listed are the same with the ab initio parameters. c Parameters from the fitting of the ab initio potential energy surfaces. The errors of fitting are 3 and 2 cm −1 for the diagonal and off-diagonal elements, respectively.
normal coordinates. 36 The matrix elements in the Hessian matrix were obtained by employing the numerical differentiation method with accuracy of third order relative to the nuclear displacements. The six normal coordinates corresponding to translational and rotational motions were separated from the vibrational modes in the molecular frame following the wellestablished procedures. 36 After obtaining the normal coordinates expressed by the mass-weighted Cartesian coordinates, we calculate the PESs as a function of normal coordinates to obtain the vibronic parameters in Eqs. (3a) and (3b). Since the ab initio calculation software (MOLPRO) employs the Cartesian coordinates to determine the molecular geometry structure, 35 we have to transform the normal coordinates to the Cartesian coordinates. The coefficients or vibronic parameters in the Taylor expression in Eqs. (3a) and (3b) can be thus determined using the least squares fitting method, which are listed in Table II . To determine the vibronic parameters for the off-diagonal elements, we assume all the imaginary parts or Q b are zero, and vary Q a . [5] [6] [7] The actual PES fitting process thus only involves real numbers, and Eq. (2b) becomes
In total, 606 geometric structures have been used to obtain PESs. The spin-orbit coupling constant of CH 3 Cl + (X 2 E) at the minimum energy geometric structure in C 3v symmetry was calculated employing the MOLPRO software. Briefly, the calculation used the electronic wave functions from 3 Cl. The band origins and assignments are indicated at the top of the peaks, which can be found in Table III . The assignments are based on the fitting of the experimental data. The discontinuous region in the ZEKE spectra is due to the weak VUV light intensities. The x-axis is relative to the ionization energy (IE) of CH 3 Cl.
the multiconfiguration internally contracted configuration interaction (MRCI) method with the basis function of augcc-pVQZ. The active orbitals are (3a )(4a )(5a )(6a )(7a ) (8a )(9a )(10a )(11a ) and (1a )(2a )(3a ). The spin-orbit coupling matrix elements were calculated using the Breit-Pauli operator. 35 It is noted that the spin-orbit coupling constant is assumed to be independent of the vibrational normal coordinates in the vibronic energy level calculation.
For vibronic parameters of CH 3 37 Cl, only the vibronic parameters related to C-Cl stretching vibrational mode (υ 3 ) were calculated, and all other parameters are assumed to be the same with those of CH 3 35 Cl. This is to underline the isotope effect in the vibronic energy levels, and the shifts due to isotope 35 Cl and 37 Cl are expected to be small for vibrational modes not relating to C-Cl stretching mode.
Having determined the vibronic parameters and the spinorbit coupling constant, the matrix elements
in Eqs. (3a) and (3b) have to be determined, which can be found in the literatures, however, for higher orders of expansion the task to write the analytic formula of matrix elements in the computer program becomes a tedious job, and mistakes may be easily occurred. Instead of looking for analytical matrix elements in the literature, we have written a simple program to calculate the matrix elements in any orders using the recursion relationships between the matrix elements.
All six vibrational modes have been taken into account in the vibronic energy level calculations. The maximum vibrational numbers used in the basis functions were 3, 8, 12, 3, 6, and 8 for υ 1 , υ 2, υ 3 , υ 4 , υ 5 , and υ 6 , respectively. The full dimension of Hamiltonian for these basis functions is ∼11.8 × 10
6 , however, we have reduced the dimension to ∼1 × 10 6 by selecting the basis functions with the requirements, 
The first requirement excludes the high vibrational angular momentum components in the calculation, which is expected to be good approximation for states with low vibrational angular momentum excitations. The second requirement truncates the components with high-energy excitations, which is expected to be valid for low energy states. The calculated nonzero matrix elements are ∼2 × are expected to converge to 3 cm −1 .
IV. RESULTS AND DISCUSSION
The ZEKE experimental spectrum of CH 3 Cl with assignments is shown in Fig. 2 , and the MATI spectra for CH 3 35 Cl and CH 3 37 Cl are shown in Fig. 3 , respectively. The ionization energy of CH 3 Cl determined in our experiment is 91 056.5 ± 3 cm −1 that is in good agreement with the recently reported value, 91 057.0 ± 2 cm −1 . 26 The isotopic shift of ionization energy due to CH 3 35 Cl and CH 3 37 Cl was found to be within our experimental uncertainties in the MATI spectra. The MATI spectra have been normalized with the VUV photon intensities. In the ZEKE spectra, there is a blank region (400-800 cm −1 above the ionization energy) where the VUV light intensities are so low due to the efficiencies of four-wave mixing that the ZEKE signals could not been measured. The signal intensities between the left and right sides of the blank . 3 . The MATI spectra of CH 3 35 Cl and CH 3 37 Cl. On the x-axes at the bottom are the VUV photon energies, and on the x-axes at the top are the VUV photon energies relative to the ionization energy (IE). regions in Fig. 2 are not normalized, however, the signal intensities in each region are normalized. Although the principle of the ZEKE and MATI spectra is very similar, the experimental techniques are different as described in Sec. II. 32, 33 There are some differences in the energy levels measured by the ZEKE and MATI spectra, which are due to the uncertainties and signal-to-noise ratios of the two measurements, and will not be discussed in Secs. IV A-IV E.
The spin-vibronic parameters obtained from fitting the ab initio potential energy surfaces using Eqs. (3a) and (3b) and also from fitting the experimentally determined spinvibronic energy levels are listed in Table II for CH 3 35 Cl + and CH 3 37 Cl + , respectively. The spin-vibronic energy levels determined from the ZEKE and MATI experiments, the ab initio calculations, the calculations using the fitting parameters and their approximate assignments are listed in Table III . Grütter and Merkt. The uncertainties of the data are listed in the parentheses except the two levels whose uncertainties have not been reported. 26 It is noted the assignments of the energy levels by Grütter and Merkt are different from those of us except the first four levels. f The 3 2 (e 1/2 ) energy levels have not been measured directly. They were derived by the observed hot bands at the energy positions of 785 and 782 cm −1 in the MATI spectra of CH 3 35 Cl and CH 3 37 Cl, respectively. The fundamental vibrational energy levels 3 1 for neutral CH 3 35 Cl and CH 3 37 Cl are 732.7 and 727 cm −1 , respectively. 37 Grütter and Merkt have determined 12 energy levels from the ZEKE experiments, which are also listed in Table III . 26 Although our measured energy levels are in good agreement with those reported, the assignments of energy levels in this work, which are based on the ab initio theoretical calculations, are different from those reported except the first four levels.
In the following, the discussion is about the isotopologue with 35 Cl unless it is specifically mentioned.
A. Spin-orbit energy splitting in the vibrational ground state
As we mentioned, the lowest two adiabatic potential energy surfaces of CH 3 Cl + have symmetries of 1 2 A and 1 2 A , respectively, which are degenerate in C 3v geometry. The spinorbit coupling constant between 1 2 A and 1 2 A of CH 3 Cl + in C 3v symmetry with geometry parameters indicated in Fig. 1 is calculated to be 572.4 cm −1 . In addition to the spin-orbit coupling, there is an energy splitting between 1 2 A and 1 2 A due to the Jahn-Teller effect. The competition between these two effects determines the spin-orbit energy splitting of the vibrational ground state. This is often called the quench of spin-orbit coupling due to the Jahn-Teller effect.
From Table III , it is seen that the calculated spin-orbit energy splitting for the vibrational ground state is 224.6 cm that is similar to the experimental value 219 ± 3 cm −1 , which indicates that the ab initio theoretical calculations provide a good description of spin-vibronic coupling near the zero-point energy region. It is noted that multimode couplings are important in calculating the spin-orbit energy splitting of the vibrational ground state. For example, if the couplings of the symmetric and asymmetric C-H stretching vibrations (υ 1 and υ 4 ) with other modes are not taken into the computation, the spin-orbit energy splitting would be (252.7 cm −1 ) that is appreciably larger than the experimentally measured value.
B. Symmetric vibrations: C-Cl stretching (υ 3 ), CH 3 umbrella (deform) (υ 2 ), and C-H stretching vibrations (υ 1 )
The calculated harmonic frequencies for the symmetrical vibrational modes υ 1 , υ 2 , and υ 3 are 3009, 1328, and 632 cm −1 , respectively, as seen from Table II . If the anharmonic effect and multimode coupling effect are neglected, these parameters should basically describe the fundamental vibrational energy levels of CH 3 Cl + . Because of the spinorbit interaction, each fundamental vibrational energy level splits into two states (e 3/2 and e 1/2 ). Therefore, the difference between the fundamental energy levels and the harmonic frequencies provide a first view of Jahn-Teller and spin-orbit coupling in the molecule.
Based on the isotopic shifts determined from the MATI spectra, the C-Cl stretching (υ 3 ) vibrations are relatively easy to identify. The experimentally determined fundamental energy levels for υ 3 modes of CH 3 35 Cl + (CH 3 37 Cl + ) are −1 for the two spin-orbit component states, respectively, as seen in Table III . Therefore, the energy space between 3 1 (e 3/2 ) and 3 1 (e 1/2 ) is 244 cm −1 in comparison with the energy space of 219 cm −1 for the vibrational ground state. The theoretically calculated spin-orbit splitting for 0 0 (e 2/3 ) and 0 0 (e 1/2 ) is 224.6 cm −1 , while for 3 1 (e 3/2 ) and 3 1 (e 1/2 ) is 241.6 cm −1 , which are in agreement with the experimental data. If there is no coupling between υ 3 and the degenerate vibrational states (υ 4 , υ 5 , and υ 6 ), the spin-orbit splitting for the fundamental state of υ 3 should be the same with that of the ground vibrational state. The large difference between the two values (219 vs. 244 cm −1 ) demonstrates that strong bimode couplings between υ 3 and the degenerate vibrational states occur. This bimode coupling effect has been previously found in CH 3 O. 5 The fundamental vibrational energy level for the umbrella vibration or symmetric CH 3 deform, 2 1 (e 3/2 ), is assigned to the band at 1243 cm −1 in the ZEKE spectra, which may be buried in the neighbor peak at 1250 (1257) cm −1 in the MATI spectra of CH 3 35 Cl + (CH 3 35 Cl + ). The theoretical fundamental energy level for 2 1 (e 3/2 ) is 1260.5 (1259.4) cm −1 for CH 3 35 Cl + (CH 3 37 Cl + ). The small isotopic shift appears in the calculation is due to a strong state mixing with the second harmonic energy level of C-Cl stretching vibration. The upper spin-orbit component of 2 1 (e 1/2 ) is assigned as 1453 cm −1 in the ZEKE spectra, 1455 (1452) cm −1 in the MATI spectra. The ab initio calculated harmonic energy levels for 2 1 (e 1/2 ) is 1482.0 cm −1 for CH 3 35 Cl + (CH 3 37 Cl + ). The experimentally determined and the calculated spin-orbit splittings for υ 2 are therefore 210 and 221.5 cm −1 , respectively, which approach the spin-orbit energy splitting of the first vibrational state (219 cm −1 ). This indicates that the coupling of υ 2 with the degenerate vibrational modes is weak in comparison with that of υ 3 mode.
The calculated fundamental vibrational energy levels for the symmetric C-H stretching vibrations 1 1 (e 3/2 ) is 2792.1 cm −1 . There are peaks at 2756 cm −1 in the MATI spectra of the two isotopologues, which may be assigned as 1 1 (e 3/2 ) or a highly mixed state 6 1 + 2 1 5 1 6 1 + 5 1 6 2 (e 3/2 ). The exact assignment for it cannot be made based on the present results. It is noted that the theoretical difference between the harmonic frequency and the fundamental energy level (1 1 (e 3/2 )) of υ 1 mode is about 217 cm −1 . This strong anharmonicity arises from the anharmonicity of υ 1 mode itself, and also the coupling of υ 1 with other modes.
Since the energies for υ 1 and υ 4 are similar, strong vibrational state mixing occurs for the two states For example, the eigenfunction for No. 59 energy level (2893.9 cm −1 ) in Table III is
where |+ and |− represent = 1 or −1, respectively. is fixed to 1/2 (see Eqs. (4a) and (4b) for definition of the basis function). The contributions to this state from the 4 1 and 1 1 basis functions are similar. This state is hence assigned as 4 1 + 1 1 (e 1/2 ). It is noted that there are also a large percent of contributions from states |1 1 , 1 |6 1 , 1 and |4 1 , 1 |6 1 , −1 . It is difficult to assign lower and upper spin-orbit states for υ 1 because the strong Jahn-Teller effect mixes the two spin-orbit components as shown by the above equation. It is noted that the observed bands at −95(−92), 522(519), and 785(782) cm −1 in the MATI spectra of CH 3 35 Cl (CH 3 37 Cl) are hot bands due to transitions of CH 3 Cl(υ 3 = 1) to CH 3 Cl + (3 1 (e 3/2 ), 3 2 (e 3/2 ), and 3 2 (e 1/2 )), respectively. The fundamental vibrational energy levels of υ 3 for neutral CH 3 35 Cl and CH 3 37 Cl are reported as 732.7 and 727 cm −1 , respectively. 37 The bands at 32 (31) and 671 (665) cm −1 in the MATI spectra of CH 3 35 Cl (CH 3 37 Cl) are due to the rotational K-structure of CH 3 35 Cl + (CH 3 37 Cl + ). For the fundamental energy levels of degenerate vibrations, the vibronic interaction will result in energy level splitting: e ⊗ e = a 1 + a 2 + e, where a 1 , a 2 , and e are symmetry elements in C 3v point group. When the spin-orbit interaction is taken into the consideration, the levels with a 1 and a 2 symmetries will be mixed, and labeled as e 1/2. The e level will be split into two levels: e 1/2 + e 3/2 , where e 1/2 and e 3/2 are the symmetry elements describing the electron spin. Hence there are four spin-vibronic states, 3e 1/2 + e 3/2 .
3 However, if there is strong state mixing, some of the states may disappear in the approximate assignments designated by the main components because they may be embedded in other eigenstates and cannot be the largest component in any eigenstate.
The calculated harmonic frequencies for the degenerate vibrations υ 4 , υ 5 , and υ 6 are 3148, 1383, and 945 cm −1 , respectively, as seen from Table II . According to the calculation, the vibronic energy levels mainly originated from the first vibrational states of υ 6 are 636 cm −1 (6 1 (e 1/2 )), 919 cm −1 (6 1 (e 1/2 )), 1039 cm −1 (6 1 + 5 1 (e 1/2 )), and 1083 cm −1 (6 2 + 6 1 (e 3/2 ), 20% 6 1 (e 3/2 )), respectively, in which the later two bands have been observed at energy positions 1042 and 1092 cm −1 , respectively. By examining the eigenvectors of the above levels, it is found that a very strong state mixing between the υ 5 and υ 6 modes exists. For example, the eigenvectors , respectively, for the levels 6 1 (e 1/2 ) (919 cm −1 ) and 6 1 + 5 1 (e 1/2 ) (1039 cm −1 ) are the following:
For the later state, the relative contributions from 5 1 and 6 1 are almost equal. This is the reason we assign it as 6 1 + 5 1 (e 1/2 ). It is interesting to note that the IR absorption spectrum of CH 3 Cl + isolated in solid neon has two vibrational bands at 626.9 and 649.4 cm −1 , 21 while there is only one vibronic band (3 1 (e 3/2 )) observed in the photoelectron spectra in this energy region. Based on our present calculation, it is believed that they are originated from the bands of 3 1 (e 3/2 ) and 6 1 (e 1/2 ),
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For υ 5 
D. JT effect and degenerate vibrations
To examine the JT effect for the three degenerate vibrational modes, Figure 4 shows the slices of the PESs. The xaxis are the normal coordinates Q 4a, Q 5a , and Q 6a for υ 4 , υ 5 , and υ 6 , respectively, and all other coordinates are assumed to be zero in calculation of the slices (curves). In the left column of Fig. 4 , the black curves are the slices from the adiabatic PES without accounting for the spin-orbit coupling, and the red ones represent the slices from diagonal parts of the diabatic PES calculated using Eq. (3a). The right column of Fig. 4 shows the slices of adiabatic PES with spin-orbit coupling constant of 572.4 cm −1 . It is seen from Fig. 4 that the JT effect for the υ 4 mode is very small, and the upper and lower curves are almost parallel to each other for υ 4 mode. However, the JT effect in υ 5 and υ 6 modes are so large that the spin-orbit coupling is partially quenched, especially for large values of Q 5a and Q 6a , where the potential energies should mainly depend on the JT effect. Figure 5 shows a glimpse view of 3DPES for υ 6 vibrational mode. The contours at the bottom show the PESs for the lower states. Although the minimum energy position is not at the C 3v geometry or at Q a = Q b = 0, the potential energy surface has C 3v symmetry, and there are three minimum energy positions.
Two parameters are often used to qualitatively characterize the JT effect in the absence of spin-orbit coupling, the Jahn-Teller stabilization energy (E JT ) and the quadratic JahnTeller stabilization energy or the barrier to pseudo-rotation ( JT ).
3, 11 E JT is the potential energy difference between the lowest adiabatic energies at C 3v and C s geometry structures.
FIG. 4. Slices of potential energy surfaces (PESs) for CH 3 Cl
+ (X). Left column shows the slices of adiabatic PESs (in black color) and diabatic PESs (in red color) without accounting for the spin-orbit coupling. The diabatic PESs were calculated using V d = E A + E A /2. Right column shows the slices of adiabatic PESs assuming spin-orbit coupling constant of −572.4 cm −1 . For both columns, from top to bottom x-axes are for normal coordinates Q 4a , Q 5a , and Q 6a , respectively, and all other normal coordinates were assumed to be zero in the calculations. Q 4a , Q 5a , and Q 6a are dimensionless. A 3D view of PESs for Q 6 mode can be found in Fig. 5 . JT is the potential energy difference between the minima and the saddle point of the lower JT surface. Under the C s symmetry constrain both points are the local minima of A and A states, respectively. The values of E JT and JT for υ 4 , υ 5 , and υ 6 vibrational modes and also the values from the whole potential energy surfaces are listed in Table IV . It is seen that the total E JT (308 cm −1 ) is comparable to the spinorbit coupling strength (572.4 cm −1 ), which results in complicated spin-vibronic energy structure in CH 3 Cl + . To examine the Jahn-Teller effect and mode interactions for υ 5 and υ 6 modes, we calculated the energy levels by neglecting their interaction with other modes and systematically added the vibronic interaction, spin-orbit interaction, and bimode interaction terms in the Hamiltonian. Figure 6 shows the results of such calculations. It is seen that the energy level structure becomes very complicated when the bimode interaction is accounted (see column (d) in Fig. 6 ), which is due to the strong mode mixing between υ 5 and υ 6 . If the interactions of υ 5 and υ 6 with other modes are taken into the consid- FIG. 6 . The theoretical energy level diagram for the Q 5 and Q 6 vibrational modes showing the spin-vibronic and mode coupling effect. The columns (a)-(c) represent the harmonic oscillator energy levels (Harmonic), levels with Jahn-Teller (JT) effect, and levels with combined spin-orbit (SO) and JT effect for Q 5 mode, respectively. In the right part of the figure, the columns (a )-(c ) are the corresponding ones for the Q 6 mode, respectively. Column (d) represents the spin-vibronic energy levels including the coupling between the Q 5 and Q 6 modes. The lowest energy level for the combined Q 5 and Q 6 modes (column (d)) is assumed to be zero, while the lowest energy levels for the harmonic energy levels of Q 5 and Q 6 are at their zero-point energy levels.
erations, vibrational mode mixing will become more complicated, as shown by Eq. (7). It is noted that bimode couplings between υ 5 and υ 6 modes are also important in understanding the vibronic structures of CH 3 O and CH 3 S. 4, 6, 7, 11 For such molecules, the assignments of spin-vibronic energy levels are difficult without the help of theoretical predictions, which is particularly true for the CH 3 Cl + .
E. Comparison between experimental
and theoretical results Figure 7 shows a schematic comparison of spin-vibronic energy levels of CH 3 Cl + between the experimental measurements and the calculations below 2000 cm −1 . In Fig. 7 , column (a) is from the ZEKE spectra. Column (b) is from the ab initio theoretical calculations, and column (c) is from the calculations using the parameters determined from fitting the experimental data. It is seen that the theoretical calculations can explain the main characteristics of the spin-vibronic energy levels.
Table II also lists the parameters determined from fitting the energy levels of CH 3 35 Cl + (CH 3 37 Cl + ) determined from the MATI spectra. It is noted that the data fitting we employed was a constraint optimization process. Not only the energy levels but also the assignments were considered in the fitting. For the first several bands the assignments of the energy levels were assumed to be the same as those from the ab initio calculations, and the bands with (without) isotopic shifts were assigned to the levels related (unrelated) to the C-Cl FIG. 7 . A schematic comparison of spin-vibronic energy levels of CH 3 35 Cl + X 2 E below 2000 cm −1 . Column (a) is from the ZEKE spectra. Column (b) is from the ab initio theoretical calculations, and column (c) is from the calculations using the parameters determined from fitting the experimental data. The vibronic energy levels are listed in Table III . The discontinuous region in the ZEKE spectra is due to the weak VUV light intensities.
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The Jahn-Teller effect in CH 3 stretching vibration υ 3 . Because most of the energy levels observed in the spectra are vibrational modes of υ 2 , υ 3 , υ 5 , and υ 6 , and the number of observed energy levels is limited, only parameters related to these modes and their second-order expansions in Eqs. (3a) and (3b) were used in the data fitting. As we mentioned in Sec. IV A, multimode couplings are important in calculating the spin-orbit energy splitting, therefore, a reliable calculation should include all the modes. In the fitting process, the parameters for υ 1 and υ 4 were assumed to be the same as those in the ab initio calculation. Higher order parameters for the modes υ 2 , υ 3 , υ 5 , and υ 6 were also assumed to be the same with the theoretical calculations. The root-mean-square (rms) error of the fitting is 3 (4) cm −1 for CH 3 35 Cl + (CH 3 37 Cl + ) for energy levels below 2000 cm −1 , while the corresponding rms error of the ab initio calculation is 18 (20) cm −1 . The rms error of the fitting for all the energy levels is 4(5) cm −1 for CH 3 35 Cl + (CH 3 37 Cl + ), and the corresponding rms error of the ab initio calculation is 24 (26) cm −1 . It is noted that the uncertainties for the ZEKE and MATI experimental data are around 3 and 5 cm −1 , respectively.
From the fitting parameters we could also calculate the potential energy curves (PECs) for each vibrational modes. Figure 8 shows a comparison of the diagonal parts of the potential energy matrix (V d in Eq. (3a) ) between the experimentally determined PECs and the calculated PECs in which panels (a)-(d) are for the vibrational modes Q 2 (symmetric CH 3 deform), Q 3 (C-Cl stretch), Q 5 (degenerate CH 3 -deform), and Q 6 (degenerate CH 3 rock), respectively. Figure 9 shows a comparison of the off-diagonal parts of the potential energy matrix (V +,− in Eq. (3b)) in which panels (a) and (b) are for vibrational modes Q 5 and Q 6 , respectively.
As seen from Figs. 8 and 9, the diagonal parts of PECs from the calculations are in very good agreement with those from the fitting of the experimental data, however, the offdiagonal parts of PECs from calculations have appreciable differences with those from fitting of the experimental data FIG. 9 . A comparison of off-diagonal parts of the potential energy curves (PECs) (V +, − in Eq. (2b)) determined from the experimental fitting and the theoretical calculations. Panels (a) and (b) are for Q 5 (degenerate CH 3 -deform) and Q 6 (degenerate CH 3 rock), respectively. The x-axes are dimensionless. Q 5b and Q 6b are assumed to be zero in the calculations.
for points away from the conical intersections (Q 5a = Q 6a = 0). Figure 9 reveals an important fact that the off-diagonal PECs are almost linear lines indicating that the linear vibronic coupling dominates the off-diagonal parts of the potential energy matrix if the couplings with other modes are neglected. In CH 3 O and CH 3 S, it is also found that the JT effect mainly arise from the JT linear coupling. 4, 6, 7, 11 The spin-orbit coupling constant obtained from the fitting, −613 cm −1 , is larger than that from the calculation, −572.4 cm −1 . The SO coupling in CH 3 Cl + mainly arises from the p electrons in Cl atom. It is interesting to note that the spin-orbit coupling constants of HCl + (X 2 ) and Cl 2 + (X 2 u ) also mainly arise from the p electrons and their SO coupling constants are −663.6 and −717.7 cm −1 , respectively. 38, 39 The SO coupling constant of CH 3 Cl + should be smaller than these two molecules because of lower symmetry. The discrepancy between the theoretical spin-orbit coupling constant and the fitting value should be studied in future.
V. CONCLUSIONS
The energy levels of CH 3 Cl + (X 2 E) that show strong spin-vibronic coupling effect (Jahn-Teller effect) have been measured up to 3500 cm −1 above the ground state using onephoton ZEKE and MATI spectroscopic method.
The vibronic energy levels have been also calculated using a diabatic model based on adiabatic potential energy surfaces calculated at the CASPT2/vq(t)z level. In the theoretical calculations, the vibronic coupling and the anharmonic terms including the multimode interactions are expanded by the Taylor expansions up to the fourth-order, the spin-orbit coupling effect were taken into account, and the coupling constant was calculated at the MRCI/CAS/avqz level.
Based on the same assignments predicted by the theoretical calculations, the experimentally measured energy levels were fitted to those from the diabatic model by optimizing the first-, second-order vibronic coupling parameters, the spinorbit coupling constant, and the harmonic and anharmonic parameters. The PESs from the ab initio calculations were thus compared with those calculated from the experimentally determined spectroscopic parameters. The diagonal elements in the diabatic potential matrix from the theoretical calculations are in good agreement with those determined from the experimental fitting, however, the off-diagonal elements appreciably deviate from those determined from the experimental data. It is also concluded that the JT effect in CH 3 Cl + mainly arises from the linear coupling and the mode coupling between the CH 3 deform (υ 5 ) and CH 3 rock (υ 6 ) vibrations. The mode coupling between the symmetric C-Cl stretching vibration υ 3 with υ 5 and υ 6 is also important to understand the spin-vibronic structure of the molecule.
In addition to the Jahn-Teller active vibrations, we also observed the symmetric CH 3 deform (umbrella) vibration (υ 2 ) and the isotopologue resolved C-Cl stretching vibrations (υ 3 ). The fundamental energy levels for υ 2 (2 1 (e 3/2 )) is 1243 ± 3 cm −1 , and for υ 3 (3 1 (e 3/2 )) are 637 ± 3 cm −1 (CH 3 35 Cl + ), and 632 ± 3 cm −1 (CH 3 37 Cl + ), respectively.
